New ionization and detection techniques in mass spectrometry have been successfully applied for efficient analyses of complex biological systems. It is, however, still difficult to trace structural changes of a specific molecular species in such systems. In the present study, a molecular probe strategy in combination with tandem electrospray ionization mass spectrometry has been examined using synthetic deuterium-labeled phosphatidylcholine hydroperoxide (PC-OOH/D3) and ethyl-labeled phosphatidylcholine having docosahexaenoic acid side chain (DHA-PC/Et). Administration of a mixture of PC-OOH/D3 and DHA-PC/Et to human blood and human skin surface, followed by extraction and analysis with collision-induced tandem electrospray ionization mass spectrometry demonstrated that metabolites of both molecular probes can be detected simultaneously with strict selectivity. The present method is also found to be useful in tracing chemical changes of the unstable docosahexaenoyl group on the surface of processed fish. The activity of phospholipase A2 can also be assessed using a phospholipid molecular probe with a linoleoyl and a deuteriomethyl group via selective detection of the lyso-phospholipid product by mass spectrometry. The advantage of the present method is that no chromatographic separation is required and analysis can be performed under strictly the same condition for different molecular probes, affording multiple data by one experiment. The present strategy may be useful for tracing time-dependent phenomena in dynamic phospholipid biochemistry, and can be widely used for any biological and food systems.
Introduction
Many kinds of structurally-related phospholipid species 1 (Scheme 1) occur in biological systems due to numerous combinations of different fatty acids at sn-1 and sn-2 positions and the existence of different polar head groups [1, 2] . Regioisomeric relations with different fatty acyl groups at sn-1 and sn-2 positions also increase the number of phospholipid species. The major fatty acids include palmitic, stearic, oleic, linoleic, linolenic, arachidonic, icosapentaenoic and docosahexaenoic acids, and the major polar head groups are choline phosphate, serine phosphate, ethanolamine phosphate, glycerol phosphate and inositol phosphate. The different phospholipid species usually have different roles in biological systems. They may localize different subcellular particles, cell membranes and tissues, or translocate according to changes in biological micro-environments. More complex is that phospholipid molecules change their structure moment by moment according to the changes in physiological conditions [3, 4] . A number of methods have been developed for the study of different aspects of phospholipids in biological systems. Fluorescence-labeled phospholipid molecular probes in combination with fluorescence microscopy have been instrumental in studies on the localization and translocation of specific phospholipids. For example, a phosphatidylcholine bearing a fluorescent chromophore was shown to be internalized from the cell surface into erythrocytes infected with malaria parasite [5] . The internalization of the fluorescent molecular probe was not due to endocytosis but a rapid trans-bilayer lipid flip-flop at the infected erythrocyte membranes, followed by monomer diffusion to the parasites. Electron paramagnetic resonance (EPR) of spin-labelled lipids has been demonstrated to be a versatile method for studying lipidprotein interactions in cell membranes. As reviewed by Marsh [6] , the use of spin-labeled phospholipids molecular probes has enabled determination of the stoichiometry of lipid-protein interactions, and selectivity of the proteins for different lipid species. Phospholipids labeled with radio-active atoms have also greatly contributed in classical but extremely sensitive lipid analysis in combination with chromatographic methods.
The rapid development of mass spectrometry has enabled speedy mapping of complex metabolites in a large scale using only a small amount of biological samples. The problems of complex biological phenomena such as apoptotic mechanism involving lipid peroxidation have been solved [7] [8] [9] [10] [11] . Based on the mass spectrometry technique, lipidomics studies have revealed close relations between biological lipid profiles and diseases [12, 13] . Despite the development of such highly power-ful techniques, it is still almost impossible to trace chemical changes of a specific phospholipid species in the complex mixture of biological samples. In this review, we will briefly describe use of synthetic phospholipid molecular probes in combination with electrospray ionization mass spectrometry for studying oxidative changes of phospholipid species in complex biological systems including human blood, human skin and processed foods.
Mass Spectrometry-Assisted Tracing of Chemical Changes in Phospholipid Molecular Probes
The significance of lipid peroxidation in biological systems has been highlighted in recent years due to the unexpectedly broad biological activity of the peroxidation products, including both harmful and salutary effects [14, 15] . Among the biological oxidized phospholipid species, PC-OOH such as 2 occur in mammalian blood at very low concentrations, and they are believed to be deeply involved in aging, physiological disorders and diseases [16] [17] [18] [19] including Alzheimer's disease [20] . Most of the current knowledge on the chemistry and biochemistry of lipid oxidation has relied on simple in vitro models. Under such conditions, the hydroperoxides are very unstable due to the inherent sensitivity of the hydroperoxy group against radical initiators, and their degradation cascades are extremely complex. However, the process of formation of the phospholipid hydroperoxides in vivo as well as their metabolism and physiological significance are not fully understood due to the lack of highly sensitive analytical techniques. Although luminescence detectors can detect the phospholipid hydroperoxides at very low concentration, the products of hydroperoxide degradation are insensitive to this detector. Moreover, while mass spectrometry can detect these products, it usually requires time-consuming multifaceted pretreatments, and the separation of each degradation product in the biological samples. A possible solution to this problem is the use of a synthetic molecular probe for the specific PC-OOH molecule. Thus, we synthesized an unnatural phosphatidylcholine hydroperoxide (PC-OOH/D, 3) that has a deuteriomethyl group in place of one of three methyl groups at the nitrogen atom in the choline moiety. In this molecule, any chemical changes at the polyunsaturated fatty acyl chain may not be affected even if one of the three N-methyl groups in natural PC is replaced by a deuterium group. A strong advantage of this strategy is that even in the presence of complex biological phospholipid mixture, this unnatural phospholipid could be detected with strict selectivity in precursor ion scan mode of collision-induced tandem electrospray ionization mass spectrometry (ESI MS). (Figure 1(A) ), indicating that the deuterated phosphatidylcholine hydroperoxide 3 could be detected even in the presence of a complex mixture of natural lipids in the blood. In addition to the major signal at m/z 793.8, a new signal appeared at m/z 777.8 that was less than 793.8 by 16 mass unit (mu). Since the atomic mass of oxygen is 16, the molecular species of the peak should have C-OH instead of C-OOH. This deoxygenation is well known to occur in vitro in the homolytic cleavage of OOH group affording PC-OH/D3 6 (Scheme 3) [21] . A small signal is found at m/z 775.8 as a shoulder. This value is less than 793.8 by 18 mu indicating that the molecular species is a carbonyl form 7 (Scheme 3) via dehydration of 3. We previously reported that C-OOH was subjected to easy dehydration to afford carbonyl form C=O such as 7 as a major product [22] . On the other hand, the formation of 6 was larger than 7 in the blood in the present study indicating that chemical change of the lipid hydroperoxides in simple model experiments may not fully reflect the fate of these products in complex biological systems. A new signal at m/z 653.8 (Figure 1(A) ) that is less than 777.8 by 124 mu
. . was assigned as 2-(9-oxononanoyl)-deuterio-PC(PC-CHO) 9. The natural 2-(9-oxononanyl)-PC is known to be a major product of the decomposition of the corresponding linoleoyl-PC hydroperoxide 2, albeit the mechanism of this conversion has been unclear. The molecular species that gave a signal at m/z 791.6 was speculated as an oxo-epoxide 8 in Scheme 3. This metabolite may be formed from 3 via the corresponding alkoxyl radical and a hydroperoxy-epoxide. Aldehydes such as 9 are known to undergo further non-enzymatic oxidation to their corresponding carboxylic acids [21, 23] . Therefore, the molecular species that has m/z 669.8 was deduced to be an acid species PC-COOH/D 3 10 (Scheme 3) since this molecular mass is bigger than that of aldehyde PC-CHO/D 3 9 by 16 mu. Oxidized PC that had a carboxyl group instead of the aldehyde group was also detected as a fluorescence derivative from human blood by Kern et al. [24] . The degradation profile of PC-OOH/ D3 3 in blood from a 66 years old male volunteer is shown in spectrum B (Figure 1) . It was similar to that of the blood from 22 years female volunteer spectrum A (Figure 1) . More important is that this decomposition profile is close to that obtained by use of the molecular probe 3, which has an ethyl group in place of the deuteriomethyl group in 4, confirming the reliability of this method [21] . Thus, if two molecular probes, M1 and M2 (such as 3 and 4), give different product ion mass-to-charge ratio (m/z), p1 and p2, respectively, the parent ion scan mode at p1 should give a signal of M1 at m/z p1 with strict selectivity even in the presence of M2. In the same way, scanning at m/z p2, we can detect a signal of M2 alone. When we apply a mixture of these two molecular probes M1 and M2 to a biological tissue, the sample can, after incubation, be analyzed by parent ion scan mode at m/z p1 or p2 affording dual spectral data obtained under strictly the same physiological condition. This new idea suggested that the molecular probe strategy might be useful for analysis of complex biological systems and might be expanded to multiple dimensional analytical systems in combination with ESI MS. Docosahexaenoic acid (DHA) is a kind of lipid that is abundant in salt-water fish and has multi-functional properties for our health. An important chemical feature of DHA is that it has a non-conjugated all-cis-polyolefinic structure which makes it very unstable against oxidative stress. It undergoes rapid free radical-mediated oxidative degradation. Lipid oxidation products have long been considered to be undesirable against our health. Some of them, however, have been demonstrated in recent years to show rather salutary effects, such as activation of the immunological system [25] . Therefore, the chemistry and biochemistry of DHA oxidation are of great interest in recent years. However, the isolation and structural characterization of the peroxidation products formed in vivo from DHA-PC in particular appears to be almost impossible, and no study has been reported so far. Aiming at a solution of this problem, we synthesized DHA-PC/Et 5 (Scheme 1) as another molecular probe in which one of the methyl groups on the nitrogen atom was replaced by an ethyl group. This molecular probe provides a product ion at m/z 198 in tandem ESI MS instead of 184 for natural PC 1 or 2 or 187 for PC-OOH/D3 3. Therefore, as shown in Figure 2 , upper, we considered that when a mixture of 3 and 5 was applied on a complex biological system, both the molecular probes are exposed to exactly the same environment being subjected to structural modifications in each. These modified PC species can be detected in a strictly selective manner in one (Figure 2 , spectrum D). The small signal at m/z 524.4 in this spectrum could be assigned as protonated lyso PC 19, indicating that hydrolysis of the ester bond occurred to a small extent. This indicates that no significant degradation of DHA-PC/Et occurred at the unstable polyolefinic side chain in the phospholipid in the blood. However, it is not surprising since phosphatidylcholine bearing DHA is one of the major components of cell membranes.
Next, we focused on the fate of PC hydroperoxide 3 and DHA-PC/Et 5 at human arm skin surface. A mixture of 3 and 5 were applied on human skin surface of a 66 years healthy volunteer. After the exposure for 6 h at 20˚C including sun light exposure for 1 h, the lipid fraction was extracted with ethanol and the solution was submitted to precursor ion scan mode at m/z 187 for 3 or 198 for 5 in ESI MS. For the scan at m/z 187, three major peaks were observed as seen in spectrum E in Figure 3 . A signal at m/z 793.8 is for intact PC-OOH/D3 3. A signal at m/z 777.6 is for hydroxy PC 6 (Scheme 3) and 59.6 is consistent with product 11 (Scheme 3) which 7 may be formed by dehydration of 6. Notably, product 11 was not formed when 3 was incubated in human blood (vide supra), showing a marked difference between the decomposition profile of PC-OOH/D3 3 on human arm skin surface and human blood. Thus, it seems almost impossible to accurately predict the profile of phosphol-ipid hydroperoxide degradation products in different tissues on the basis of mechanisms established in simple in vitro models. Also, even highly throughput technologies developed in recent years based on the combination of capillary electrophoresis or HPLC and highly sensitive mass spectrometry may require difficult task to do the same.
When we did precursor ion scan in ESI MS at m/z 198 for DHA-PC/Et 5, a major signal was observed at m/z 834.7 that was a protonated form of 5 as shown in spectrum F (Figure 3) . Other small signals could not be identified. Of particular interest is that, oxidatively unstable DHA-PC/Et largely remained undecomposed against our expectation despite the oxidative stress with air and sunlight. This unexpected result strongly suggests that the skin surface might be endowed with some antioxidant system [26] . In fact, as Figure 4 shows, drastic decomposition of DHA-PC/Et 5 occurred on the surface of a glass plate with no antioxidant system. Possible structures for the degradation products formed from DHA-PC/ Et 5 on the glass plate were given in Scheme 4. The use of two different molecular probes at the same time should be useful for analysis of complex biological lipid dynamics. More important is that this strategy can be ex- panded to use of more than two different molecular probes at the same time under strictly the same biological conditions.
Mass Spectrometry Assisted Tracing of Structural Changes in Phospholipid Molecular Probe Bearing Docosahexaenoyl Group Applied on Fish Skin Surface
Fishes, salt water fishes in particular, are rich in polyunsaturated fatty acids (PUFA, mainly DHA and eicosapentaenoic acid (EPA)), and their worldwide consumption has increasingly expanded year by year because of their beneficial effects in human health. Drying fish under sunlight for their preservation and flavor generation is a traditional practice in many countries in the world. In this process, oxidatively vulnerable PUFA should naturally decompose to afford many degradation products including toxic aldehydic products with highly unpleasant odors. Against our expectation, dried fishes usually have appetizing flavor especially when they are baked. This apparent contradiction has long remained unexplained. Our synthetic phospholipid molecular probe 5 having docosahexaenoyl group has been used to investigate this problem [27] . The molecular probe was applied on the surface of herring fillets and dried over one week under the sunlight. The lipid fraction was extracted from the surface of the dried fish and the extract was directly subjected to electrospray ionization mass spectrometry in precursor ion scan mode at 491 m/z as a product ion. The spectrum is shown in Figure 5 . A signal at this m/z 582.7 was assigned as a hydrolytic fragment 18. Also, a signal at m/z 524.8 was assigned as another hydrolytic fragment, lyso-PC 19. In addition to these signals, a number of small signals were observed, and we tried to assign the structures based on m/z and oxidative fragmentation mechanism of DHA. The deduced structures from the spectrum were given as compounds 20-23 (Scheme 5). It is well known that processed fishes have amino compounds such as those shown in Scheme 6. It is also known that the oxidation of polyunsaturated fatty acids like DHA affords various aldehydes, most of which have unpleasant odor. On the basis of chemistry, amines and aldehydes react easily to form imines (Scheme 6). Generally, the odor of most of imines may be different from that of aldehydes and rather similar to amines. Therefore, we speculated that the aldehyde species formed during the drying process were converted to imines. If we assume that all the aldehydes were consumed to react with excess amines, the imine formation appears to explain why the dried fish had no unpleasant aldehyde odor. Indeed, most dried fishes and squid or "surimi" in Japanese have amine like odor. Thus, lipid oxidation and imine formation may be responsible for the generation of the characteristic taste and flavor of fish fillet during the drying process. Since our method is speedy with no isolation procedure, it is potentially useful for analyses of changes in food characteristics and other complex biochemical phenomena.
Mass Spectrometry Assisted Analysis of Phospholipase A 2 Enzymatic Activity
Phospholipase A 2 , a typical phospholipid-related enzyme, plays a role in lipid digestion as a component of the pancreatic juice. It is also involved in biological signaling by participating in the onset of the arachidonic acid cascade. As a component of snake venom, it contributes to hemolysis of blood. There are many studies on the inhibition of this enzyme and the catalytic activity analyses have been exploited. In biological systems, lipid composition s extremely complex, and it is difficult to trace the activi ity toward a specific phospholipid molecule in the presence of many similar species. We used a phospholipid molecular probe 24 ( Figure 6 ) for first rough screening of phospholipase A 2 activity in plant species. The molecular probe was added to a mixture of pancreatic phospholipase A 2 and a given plant extract. After stirring for sometime, the lipid fraction was extracted with a mixture of methanol:chloroform (1:2). The extract was directly subjected to mass spectrometry and precursor ion Figure 7 was obtained. Here, a signal of the product, scan mode was conducted at m/z 187. When Juniperus rigida leaf was used as a candidate of inhibitory activity against the phospholipase A 2 , a spectrum as shown in lyso-PC is observed at m/z 523.3. Like this way, several plant leaves were examined and the results were given in A combination of collision-induced tandem electrospray ionization mass spectrometry demonstrated that the fate of unstable phospholipid hydroperoxide such as 3, could be traced in biological systems such as human blood and human skin surface even in the presence of complex mixture of biological lipids. A molecular probe 5 having docosahexaenoic acid was also found to be useful to trace the c nconjugated polyunsaturated olefinic structure in the biological systems and the processed fish food. This strategy was also proved to be useful for very simple analysis of phospholipase A 2 activity. The present method is strictly specific even in the presence of a large excess of a complex biological substances and it is speedy within less than 1 h after extraction from biological samples with no product-isolation procedure. Therefore, the present method may potentially be useful for tracing time-dependent phenomena in dynamic phospholipid biochemistry, and can be widely applied to any biological and food systems.
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